Extreme polar mutations in the z gene of Escherichia coli completely abolish expression of the lac operon ( Fig. 1) (1, 2). They prevent expression of the enzyme activities corresponding to the z (#-galactosidase), y (galactoside permease) and a (thiogalactoside transacetylase) genes, and no lac mRNA is detected in strains that contain one of these mutations (3). This polarity effect is relieved by a class of "polarity suppressors" that restores distal gene expression (y,a) in polar mutants of z, but not gl-galactosidase activity (4, 5). The one extensively studied suppressor of this type, SuA, does not show codon specificity (6), and in nonsense mutants of the trp operon (6) and phage T7 (7) it prevents the loss of mRNA that occurs after premature chain termination. We report here the isolation of two new polarity suppressors and their effects on operon expression. Both of the newly isolated suppressors were examined for codon specificity, for the ability to restore transcription and translation in an extreme polar mutant of z, and for protection of mRNA from rapid degradation in the presence of puromycin. The results indicate that these suppressors act by preventing rapid breakdown of mRNA after premature chain termination, and that the lac messenger synthesized in the Su+ strains may be translated with reduced efficiency.
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MATERIALS AND METHODS
Strains and Growth Conditions. Isolation of the polarity suppressors is described below (Results). Strains with the suppressors and lac-polar mutations were constructed from the F-lac-deletion Su+ strains by either Hfr X F-or F' X F -crosses; recombinants were selected on melibiose at 420C (8) . The desired trp E polar mutations were transduced into deletion mutants of trp that had been selected from the suppressor strains by resistance to phage T1. The original trp E mutants (E9829, E9851, and E9903, ref. 9 ) were ohtained from Dr. C. Yanofsky. Isolation of the lac frameshiftmutants ICR29 and ICR36 has been described (10) .
Phages Xh8Odlac, Xh80 (obtained from Dr. E. Signer; ref. 11) and Xplac5 (obtained from Dr. M. Adesnik) are heat inducible and lysis defective. Xplac5 contains all of the lac z gene and portions of the i and y genes (12) , while Xh8Odlac contains the entire lac operon in place of some bacteriophage late functions (13) .
For determination of mRNA and enzyme activities cultures were incubated at 370C in M63 minimal medium (14) supplemented with 0.2% glycerol, 5,ug/ml of thiamine, 1 mM isopropylthiogalactoside, and 50 ,g/ml of i-tryptophan. For determination of tryptophan synthetase A, the medium was modified by the addition of 4 hg/ml of L-tryptophan plus 0.05% casamino acids and 30 Mg/ml of indolepropionic acid (15) .
Enzyme Assays. ,B-galactosidase and thiogalactoside transacetylase were assayed in the same extract (16) , and galactoside permease was measured by the uptake of [14C]thiomethylgalactoside (8) . Tryptophan synthetase A was measured according to Smith and Yanofsky (17) . Activities are expressed as percentages of the activity of a lac + or trp + isogenote assayed in the same experiment.
Lac mRNA Hybridization. Xh80dlac, Xplac5, and Xh8O were purified and their DNA was isolated as described by Adesnik (18) . DNA was loaded onto membrane filters (B6, Schleicher and Schuell) by the method of Stubbs and Hall (19) .
Cultures were concentrated 10- (22), and shaken 2 min at 30°C. 8 volumes of preconditioned medium (30°C) were then added, and after [3] [4] [5] min, the cultures were pulsed with 40-60 ,Ci/ml of [5-3H] uridine. Labeling was terminated after 3 min by the addition of 60 ug/ml of rifampin (Rifampin, Dr. J. Gelzer, Ciba Pharmaceutical Co.) and 2 mg/ml of unlabeled uridine. 1-min later, the culture was split and 300 ug/ml of puromycin was added to one of the halves. 2-ml samples were pipetted at intervals onto 4 ml of frozen, crushed buffer (20) , which contained 300 ug/ml of chloramphenicol and 15 mM azide. RNA was extracted and hybridized. For determination of total mRNA stability, nalidixic acid (Dr. S. Archer, Sterling Winthrop Research Institute) was present during the chase to prevent labeling of DNA (23 (Table  lb) .
(c) Both suppressors can act trans. The lac mutations were carried on an F'lac episome in an F-lac-deletion strain; about the same extent of suppression was found when the polar mutation was carried on the chromosome in an F-, Su+ strain (see below, Table 2 ).
Lac mRNA concentrations in suppressor strains
The effect of the polarity suppressors on the production of lac mRNA in strains with the extreme polar mutation U118 is presented in higher in the polar strain with Su27 than in the same strain with Su78. The concentrations of distal (ya) and proximal (z) mRNA were restored to about the same extent in each suppressor strain, despite the failure of Su27 or Su78 to restore detectable j-galactosidase activity. This suggested that relief of polarity depends upon completion of transcription of the gene that contains the polar mutation. The two polarity suppressors seemed to restore distal mRNA more efficiently than distal enzyme activity. The amounts of ya messenger in the suppressed polar strains were more than twice that expected from the concentrations of ya messenger and transacetylase activity in the corresponding lac+ strain. This effect was not general for suppressors that relieve polarity in lac. Polar mutants with ochre (SuB) or amber (SuI) suppressors produced amounts of ya mRNA that corresponded very closely to the galactoside transacetylase activities found in the same strains (Table 2) .
When the effect of Su27 on the amounts of z and ya mRNA was examined in a lac+ strain, i.e., one with no polar mutation, another distortion in lac mRNA metabolism was revealed. 64% of the lac-specific hybridization corresponded to ya messenger, while in the wild-type (SuO) lac+ strain, 36% of the counts corresponded to ya and 64%o corresponded to z. The wild-type ratio of z to ya mRNA, which was also observed in the SuI and SuB strains, was very close to the value calculated from the sizes of the z, y, and a genes. mRNA stability in the presence of puromycin
The instability of mRNA in the vicinity of polar nonsense mutations (24) (25) (26) (27) is consistent with the deficiency of messenger from operons that carry these mutations: mRNA that is exposed after premature release of ribosomes at chaintermination codons is more susceptible to degradation (2, 6 ). Suppression of polarity could then occur by a mechanism that counteracts this instability sufficiently to allow reinitiation of translation and continued transcription. To test this hypothesis more completely, the ability of the polarity suppressors to stabilize mRNA was examined under conditions that mimicked premature chain termination and, at the same time, reduced the effect of continued translation on suppression. Puromycin was chosen as a tool, since it presumably stops protein synthesis by premature discharge of ribosomes (28, 29) and, thus, exposes the mRNA.
As Fig. 2 shows, the chemical half-life of lac+ mRNA in the wild-type (SuO) strain was decreased from 2.6 min to 0.8 min when puromycin was added to the culture after addition of rifampin and a chase with unlabeled uridine (see Methods) . Another characteristic effect of puromycin was to abolish the lag normally observed in untreated cultures before the onset of exponential messenger degradation. This would be expected if degradation were initiated almost simultaneously on all of the polysomes at the time of puromycin addition.
Proc. Nat. Acad. Sci. USA 68 (1971) The rapid degradation of lac+ mRNA induced by puromycin was partially reversed by Su78, and completely reversed by Su27. A partial protection of lac mRNA in the presence of puromycin was also claimed recently for SuA (30) .
The reduced ability of puromycin to destabilize mRNA in strains carrying Su27 and Su78 did not result simply from resistance of the strains to inhibition of protein synthesis by puromycin. The rate of ['4C]leucine incorporation into Cl3CCOOH-insoluble material was inhibited to the same extent (44%-49%) in SuO, Su27, and Su78 strains, and puromycin concentrations that completely inhibited protein synthesis (2 mg/ml) gave essentially identical results to those shown in Fig. 2 when tested with SuO and Su78.
Reversal of the puromycin effect by the polarity suppressors is not restricted to lac operon mRNA. of CICCOOH-precipitable radioactivity incorporated during a short pulse of [3H]uridine was accelerated by puromycin, and that this rate of loss was decreased in both strains; as in the case of lac mRNA, relief of total mRNA instability was partial in Su78 and complete in Su27.
DISCUSSION
The remarkable property of polarity suppressors is their ability to restore large amounts of mRNA from the entire lac operon without suppressing the z polar mutation itself. It seems most probable from this and other properties of Su27 and Su78 that these two suppressors act by altering the normal pattern of mRNA degradation, and not by other mechanisms that would more directly involve translation. of puromycin. Total mRNA ("acid-insoluble 'H") was determined by subtraction of the incorporation of label into the stable acid-insoluble fraction from the total acid-insoluble radioactivity in each sample. The stable fraction was defined as the plateau attained [12] [13] [14] min after the loss of acid-insoluble radioactivity that followed addition of rifampin and chase, and amounted to 40-50% of the total [3H]uridine incorporation in all experiments. The acid-insoluble fraction is polotted on a logarithmic scale. Symbols have the same meaning as in Fig. 2 .
The broad specificity of Su27 and Su78 was an initial indication that suppression did not result from recognition of the mutated sequence in the mRNA. Both Su27 and Su78 suppressed equally well the polar effects of the three nonsense triplets and of frameshift mutations in z, and in all cases tested, they also failed to restore j3-galactosidase activity (Table 1) .
Direct evidence that the suppressors act by interference with messenger breakdown was their protection of lac+ mRNA and total mRNA from an accelerated rate of degradation in the presence of puromycin (Figs. 2 and 3 ). An advantage of such pulse-chase experiments in the presence of puromycin is that any transcriptional and translational contributions of suppressor action should be greatly reduced. There is also some indication in the experiments shown (Fig.  2) that the half-life for lac mRNA in untreated Su27 cells was somewhat longer than in the SuO cells (3.3 min vs. 2.6 min).
How could the ability of Su27 and Su78 to stabilize mRNA explain their ability to restore distal operon expression in extreme polar mutants of lac? We suggested earlier that polarity results from premature chain termination in a region of the mRNA where efficient reinitiation of protein synthesis cannot take place (31) , and that the resulting deficiency in operon messenger is due to either interruption of transcription or rapid degradation of exposed mRNA after the mutation (2) . We have already shown the presence of translational restarts throughout the z gene of lac (31, 32) , as well as at the beginning of y, and there is evidence that mRNA, at least in the vicinity of the polar nonsense triplets, is abnormally labile (24) (25) (26) (27) . Thus, one possible mechanism of action of Su27 and Su78 would be to stabilize distal lac messenger and to allow reinitiation at initiator triplets in segments of the z or y mRNA that would otherwise be degraded (see ref. 6 ). Added evidence for this type of mechanism has recently been presented for SuA by Kuwano, Schlessinger, and Morse (33) , who reported that SuA strains lack a soluble endonuclease that is present in wild-type strains.
The preliminary mapping indicates that Su78, like SuA (6), is cotransduced with ilv. Su27, however, appears to be genetically different from either of these suppressors, so that different functions may be altered in Su27 and Su78. If the rapid loss of messenger after chain termination resulted from the concerted action of both an endonuclease and a 5'-exonuclease (6), then a loss of the exonuclease activity could also stabilize exposed RNA long enough to allow reinitiation of translation. A second, less conventional, possibility for the ability of the polarity suppressors to stabilize messenger would be an alteration in the ribosomes. For example, if the suppressor ribosomes failed to release from the mRNA at the nonsense codon, or reattached more readily after termination, they could protect the messenger from degradation that normally
